Mycobacterium tuberculosis, the causative agent of tuberculosis, claims almost 2 million lives annually [1] and globally is the leading cause of death due to a single bacterial agent. The situation has become more critical in the past decade because of coinfection with human immunodeficiency virus (HIV) and the inefficiency of the current vaccine, BCG, to protect adults against tuberculosis [1] . The identification of novel and protective antigens recognized by infected individuals would represent a major advance in the control of tuberculosis and may form the basis of new therapeutics to limit disease spread. Current tuberculosis vaccines in clinical trials include viral-vectored or adjuvant-based subunit vaccines, as well as whole mycobacterial vaccines, that express 1 or more immunogenic M. tuberculosis antigens [2] . Most of these strategies are based on secreted antigens of M. tuberculosis that are presumably more readily "seen" by the host immune response [2] . The efficacy of these new candidate vaccines in protecting humans against M. tuberculosis infection is yet to be determined.
M. tuberculosis can survive in a broad spectrum of environmental conditions, including high levels of oxidative stress, low pH, and nutrient deprivation [3] . Exposure and adaption of M. tuberculosis to these conditions during infection requires the coordinated regulation of gene expression [4] . Genes involved in the metabolism of sulfur have consistently been identified as upregulated in conditions that mimic the macrophage environment [5] [6] [7] [8] [9] and during macrophage infection [10] . These genes encode enzymes of the sulfate-assimilation pathway (SAP) of M. tuberculosis, required for the reduction of sulfur. Indeed, sulfurcontaining compounds are fundamental in a wide range of biological activities. In its reduced form, sulfur is used in the biosynthesis of the amino acid cysteine, one of the prime targets for reactive nitrogen intermediates encountered by M. tuberculosis in the intracellular environment [11] . Cysteine is subsequently incorporated into mycothiol, which functions analogously to glutathione [12] and is crucial to M. tuberculosis within the granuloma for regulating the redox balance on encountering free radicals released by host cells. Mutants of Mycobacterium smegmatis in which mycothiol biosynthesis has been abrogated exhibit high-level resistance to isoniazid and are more susceptible than wild-type strains to oxidative stress and antibiotics [13, 14] . This first line of defense by M. tuberculosis therefore is linked to the availability of cysteine, and as a result the SAP pathway is required for the organism's survival [15] [16] [17] . Reinforcing this increased need for cysteine in the macrophage environment is the upregulation of adenosine-5′-triphosphate (ATP) sulfurylase, the first enzyme in the SAP, on exposure to oxidative stress [9, 10] . Disabling the biosynthesis of cysteine attenuates bacterial virulence and persistence during the chronic phase of infection in mice [18] .
Although members of the SAP are highly expressed under conditions encountered within the host, it is not known whether these proteins constitute immunogenic components of M. tuberculosis. The search for M. tuberculosis antigens has focused on secreted proteins of mycobacteria, as these are predicted to be recognized by early host immune responses [19, 20] . Sulfate reduction takes place within the cell, and for this reason SAP enzymes are either intracellular or membrane-bound components [21] [22] [23] and would not be detected in screens for immunogenic secreted antigens of M. tuberculosis. In this report, we demonstrate that SAP components are highly immunogenic components of M. tuberculosis, as they are recognized by T cells of M. tuberculosis-infected individuals and confer protective immunity in a murine model of tuberculosis. Our results suggest that SAP components are potential candidates for inclusion in new tuberculosis vaccines.
METHODS

Bacterial Strains and Growth Conditions
Escherichia coli K-12 and BL21 (DE3) was grown in LuriaBertani broth or agar (Sigma-Aldrich). M. tuberculosis H37Rv was grown in Middlebrook 7H9 medium (Difco Laboratories) supplemented with 0.5% glycerol, 0.05% Tween 80%, and 10% albumin-dextrose-catalase (ADC) or on solid Middlebrook 7H11 medium (Difco Laboratories) supplemented with oleic acid-ADC. All cultures were grown at 37°C
, with or without shaking. Antibiotics were added to media when required, at 25 µg/mL for kanamycin and 100 µg/mL for ampicillin. The RAW264.7 mouse macrophage cell line was grown at 37°C in 5% CO 2 in Roswell Park Memorial Institute (RPMI) medium (Gibco-BRL) supplemented with 10% fetal calf serum (Gibco-BRL) and 2 mM L-glutamine (Invitrogen; Complete RPMI). Adherent RAW264.7 cells were infected with M. tuberculosis at a multiplicity of infection of 1:1. Four hours after infection, macrophage monolayers were washed with phosphate-buffered saline, cells were incubated for an additional 48 hours in fresh medium, and total RNA was extracted for quantitative real-time RT-PCR analysis.
Protein Antigens and DNA Vaccines
M. tuberculosis pellets from broth culture or M. tuberculosisinfected macrophages were resuspended in TRI reagent (Invitrogen) and disrupted with 0.1-mm zirconia/silica beads in a BioSpec Products Bead Beater. RNA was extracted, treated with TURBO DNase (Ambion), and resuspended in DPEC-treated water (Invitrogen) as described previously [8] . cDNA was synthesized from 1 μg of total RNA by using Superscript III reverse transcriptase (Invitrogen). Quantitative real-time RT-PCR was performed using 4 μL of complementary DNA, SYBR green I PCR Master Mix (Qiagen), and 5 μM of the gene-specific primer pair (Supplementary Table 1 ) in a reaction volume of 25 μL. Quantitative real-time RT-PCR reactions were run on a Rotogene 6000-series sequence detector (Corbett Research, Mortlake, Australia) in triplicate per primer pair. Relative expression levels were determined using the comparative threshold cycle method of Livak and Schmittgen [24] , with noninduced M. tuberculosis 16S ribosomal RNA (encoded by rrs) as the control [25] .
Human Studies
Subjects
Fifteen M. tuberculosis-infected, HIV-negative patients were recruited from the tuberculosis clinic at Royal Prince Alfred Hospital (New South Wales, Australia). Peripheral blood mononuclear cells (PBMCs) were obtained from patients with biopsy-or culture-proven tuberculosis who had recently started anti-tuberculosis treatment and from 11 healthy, tuberculin skin test (TST)-negative individuals. Ethical approval for this study was provided by the Sydney South West Area Health Service ( protocol X06-0248).
T-Cell Proliferation Assay
PBMCs from whole blood were isolated on a Ficoll gradient (Histopaque-1077, Sigma Aldrich). A total of 2.5 × 10 5 cells/well of PBMCs were incubated at 37°C in 5% CO 2 for 5 days in the presence of 10 µg/mL of the SAP proteins, 10 µg/mL of CFP, M. tuberculosis antigen (Ag) 85B, or 3 µg/mL of ConA. T-cell proliferation was assayed by 3 H-thymidine incorporation (MP Biomedicals; 1 µCi/well) at day 5, using liquid scintillation spectroscopy (Microbeta Luminescence Counter, Wallace). The lymphocyte stimulation index was calculated using the following formula: (mean counts per minute in the presence of antigen)/(mean counts per minute in the absence of antigen). A lymphocyte stimulation index of ≥3 was considered a positive response to antigen.
Murine Studies
Female C57BL/6 mice aged 6-8 weeks were obtained from Animal Resources Centre (Perth, Australia) and maintained in specific pathogen-free conditions. For determination of immunogenicity, mice (4 per group) were infected via the intranasal route with 5 × 10 4 colony-forming units (CFU) of M. tuberculosis H37Rv. Three and 8 weeks after infection, single-cell suspensions were prepared from the mediastinal lymph node (MLN) of immunized mice in complete RPMI medium, and the number of interferon γ (IFN-γ)-producing cells was determined by enzyme-linked immunosorbent spot analysis, as described previously [26] using SAP enzymes, CFP, and Ag85B at a concentration of 10 µg/mL, with ConA used at a concentration of 3 µg/mL. For analysis of protective efficacy, mice (5 per group) were immunized intramuscularly 3 times at 2-week intervals with (1) 10 µg of CysDNC protein, coadministered with dimethyl dioctadecyl ammonium bromide (1.25 mg/mL) and monophosphoryl lipid A (125 μg/mL), or (2) 100 µg of a mix of DNA vaccines. At the time of the first injection of DNA vaccines, mice were immunized subcutaneously once with 5 × 10 5 CFU of BCG. Eight weeks after the final vaccination, mice were challenged with aerosolized M. tuberculosis H37Rv, using an inhalation exposure apparatus (Glas-Col) with an infective dose of <100 viable bacilli per lung [27] . Bacterial load was determined 4 weeks after challenge by plating homogenates of lung and spleen.
Statistical Analysis
For assessment of protective efficacy, the significance of differences was evaluated by 1-way analysis of variance, with pairwise comparison of multigrouped data sets achieved using the Bonferroni post hoc test. The Mann-Whitney U test was used to compare induction of host immune responses by SAP enzymes from infected mice or M. tuberculosis-infected macrophages from humans to induction in uninfected mice and TST-negative individuals, respectively. Differences with a P value of <.05 were considered statistically significant.
RESULTS
Induction of M. tuberculosis ATP Sulfurylase Messenger RNA (mRNA) in the Intracellular Environment Correlates With Potent Antigen-Specific Immunity
The sulfate-activating complex (SAC) of M. tuberculosis is the first step in the SAP and constitutes 3 catalytic activities, ATP sulfurylase, GTPase, and APS kinase activity, which are all encoded by the cysDNC operon ( Figure 1A ). The ability of M. tuberculosis SAC to upregulate its expression in culture conditions that mimic intracellular stress [9] suggests that its expression may also be induced in the intracellular environment. To test this, we examined the changes in cysDNC mRNA levels within RAW264.7 cells during M. tuberculosis infection. We found that expression of cysDNC was significantly enhanced, displaying an approximately 4.4-fold increase over the level found in broth-cultured bacilli during the first 48 hours of infection ( Figure 1B ). This implies that CysDNC may be involved in the ability of M. tuberculosis to adapt to conditions encountered in the intracellular environment. Because CysDNC was induced at high levels within the intracellular environment, we hypothesized that the enzyme may be recognized by the immune response during M. tuberculosis infection. To test this, we infected mice with M. tuberculosis by the intranasal route and examined the frequency of IFN-γ-secreting cells in the MLNs. At 3 weeks after infection, stimulation of MLN cells with CysDNC ex vivo resulted in a strong induction of IFN-γ-secreting T cells, which was similar to the levels induced by the immunodominant secreted Ag85B protein of M. tuberculosis (Figure 2A ). This strong T-cell response was maintained up to 8 weeks after infection ( Figure 2B ). Similar patterns of antigen-specific IFN-γ-secreting cellular responses in response to CysDNC and Ag85B were observed in the lung (data not shown). In addition, lymphocyte proliferation assays of human PBMCs revealed that CysDNC was recognized during human M. tuberculosis infection ( Figure 2C ). CysDNC responses were similar to those following recall to Ag85B yet lower than those induced by CFP. The enhanced expression of the genes encoding ATP sulfurylase in the intracellular environment ( Figure 1B ) and the ability of this protein complex to induce a robust, antigen-specific T-helper 1 type cytokine response (Figure 2 ) may render the encoded products effective targets for antimycobacterial protective immunity. To determine this, mice were immunized with DNA vectors expressing cysD and/or cysNC and challenged with M. tuberculosis by aerosol. Immunization with vectors expressing either cysD or cysNC resulted in a significantly reduced bacterial load as compared to mice vaccinated with the control vector, in both the lung ( Figure 3A ) and spleen ( Figure 3B ; P < .01). In all experiments, there was an increasing trend for DNA-cysD to afford better protective efficacy than DNA-cysNC in the lung, while use of a combination of DNA-cysD and DNA-cysNC resulted in equivalent protection to that observed with DNA-cysD alone. The protective efficacy was significantly greater in the spleen when mice were immunized with a combination of these 2 plasmids, and this protection approached the level achieved with BCG ( Figure 3B ). Therefore, we found that ATP sulfurylase was a highly protective component of M. tuberculosis. The significance of differences between protein-stimulated and unstimulated cells was determined by analysis of variance; *P < .0001. C, Antigen-specific T-cell responses were measured in the peripheral blood of M. tuberculosis-infected patients (open circles; n = 15) and tuberculin skin test-negative individuals (filled circles; n = 11). T-cell proliferation in response to M. tuberculosis CFP, CysDNC, and Ag85B proteins at 10 μg/mL was measured via the incorporation of 3 H-thymidine, and a stimulation index was calculated. Horizontal lines represent the median for each group. Significance of differences between M. tuberculosis-infected patients and TSTnegative individuals was determined by the Mann-Whitney U test; *P < .001. Figure 3 . Protection afforded by DNA vaccines encoding members of the sulfate-activation complex following Mycobacterium tuberculosis challenge. C57BL/6 mice (n = 5) were immunized 3 times by intramuscular injection at 2-week intervals with either pCDNA3, DNA-cysD, DNAcysNC, or DNA-cysD combined with DNA-cysNC. At the time of the first injection of DNA vaccines, mice were immunized once, by subcutaneous injection, with 5 × 10 5 colony-forming units (CFU) of BCG. Four weeks following the third immunization, mice were challenged with aerosolized M. tuberculosis, and bacterial load in the lung (A) and the spleen (B) was determined 4 weeks later. These data are shown as the mean CFU (±standard error of the mean) per organ and are representative of 1 of 3 individual experiments for all groups. The significance of the differences between unvaccinated and immunized groups in the lung and spleen were determined by analysis of variance; *P < .001.
Downstream Enzymes of M. tuberculosis SAP Are Immunogenic Components of M. tuberculosis
The promising results obtained with M. tuberculosis ATP sulfurylase (CysDNC) led us to question whether other members of the SAP are targets of the host immune response. We found that all SAP proteins tested were significantly upregulated in the intracellular environment, with cysK1 mRNA displaying the highest induction, at approximately 6.7-fold ( Figure 4A ). The level of induction was similar for SirA and cysH, while cysK1 and cysE also displayed similar levels of intracellular upregulation. This is in agreement with the fact the sirA and cysH are located within the same operon in the M. tuberculosis genome [28] , while cysK1 and cysE lie adjacent in the genome [23, 28] . We also determined that these proteins are recognized in M. tuberculosis-infected mice, as all proteins induced IFN-γ secreting T cells at 8 weeks after infection ( Figure 4B ). Similar to CysDNC findings ( Figure 2C ), lymphocyte proliferation assays of human PBMCs revealed that all SAP enzymes studied were recognized during human M. tuberculosis infection ( Figure 4C ).
Because expression of all SAP enzymes was upregulated in vivo and the proteins were recognized in mice and humans, we assessed whether they could improve the protective efficacy afforded by DNA-cysDNC. When mice were vaccinated with DNA-cysDNC together with DNA encoding cysH, sirA, cysK1, and cysE, we did not observe increases in protective efficacy, compared with the efficacy of DNA-cysDNC alone, in both the lung ( Figure 5A ) and spleen ( Figure 5B ). Therefore, (IFN-γ) -secreting cells were enumerated by enzyme-linked immunosorbent spot analysis following recall to CysH, SirA, CysK1, and CysE (10 μg/mL). Data are the means ± SEM for 4 mice and are representative of duplicate experiments. The significance of differences between protein-stimulated and unstimulated cells was determined by analysis of variance; *P < .001. C, Recognition of SAP proteins by M. tuberculosis-infected individuals. Antigen-specific T-cell responses were measured in the peripheral blood of M. tuberculosis-infected patients (open circles; n = 15) and TST-negative individuals (filled circles; n = 11). T-cell proliferation in response to M. tuberculosis CFP, CysH, SirA, CysK1, and CysE proteins at 10 μg/mL was measured as described in Figure 2C . Significance of the differences between M. tuberculosis-infected patients and TST-negative individuals was determined by a Mann-Whitney U test; *P < .001. Considering the strong recognition of ATP sulfurylase by tuberculosis patients and its protective effect in mice, we determined whether this protein complex is a suitable candidate to boost the protective effect of BCG after M. tuberculosis challenge. After aerosol-based delivery of a low dose of M. tuberculosis, naive mice demonstrated substantial bacterial growth in the lungs and dissemination to spleens ( Figure 6A and 6B) . In contrast, immunization with BCG alone resulted in significant protection against M. tuberculosis challenge, with an approximate 1.5-log 10 reduction in the M. tuberculosis load in the lung and spleen ( Figure 6A and 6B). Boosting with CysDNC protein led to a further significant reduction of 0.5-log 10 M. tuberculosis in the lung, compared with vaccination with BCG alone ( Figure 6A ). While the bacterial burden was also reduced in the spleen with boosting, this difference did not achieve significance ( Figure 6B ). Therefore CysDNC improved the protective effect of the BCG against M. tuberculosis infection, and this effect was strongest in the lung.
DISCUSSION
The identification of new targets of host immunity would markedly aid efforts to develop more effective tuberculosis vaccines. In this report, we identified the SAC of M. tuberculosis as a major antigenic component of the bacillus. The SAC is an enzyme complex with 3 catalytic activities [9, 29] . This complex is predicted to play a role in adaption of M. tuberculosis to the host cell environment because of the upregulation of CysDNC within macrophages ( Figure 1B ) [10] and its response to a number of in vitro stress conditions, including nutrient starvation and oxidative stress [9, 30] . Therefore, it is possible that strong recognition of CysDNC by tuberculosis patients ( Figure 2C ) and M. tuberculosis-infected mice (Figure 2A and 2B) may be due to the enhanced expression of CysDNC within the host. Intriguingly, all components of the SAP tested displayed upregulation within the macrophage cell line used. This adaptation to the phagosome environment is an indication of the bacterium's requirement for cysteine; for example, cysteine is incorporated into acetyl coenzyme A, the building block for lipids in the organism's cell wall and a substrate for the glyoxylate shunt, a pathway required for M. tuberculosis to persist in macrophages and in mice [31] . It is also possible that certain enzymes of the SAP regulate expression Figure 5 . Protective efficacy of downstream enzymes of the sulfateassimilation pathway. C57BL/6 mice (n = 5) were immunized 3 times by intramuscular injection with either pCDNA3, DNA-cysD combined with DNA-cysNC, or a mix of DNA vaccines expressing cysH, sirA, cysKI, and cysE (SAP mix). At the time of the first injection of DNA vaccines, mice were immunized once by subcutaneous injection with 5 × 10 5 colonyforming units (CFU) of BCG. Four weeks following the third immunization, mice were challenged by aerosolized M. tuberculosis, and bacterial load was determined in the lung (A) and the spleen (B ) 4 weeks later. These data are shown as the mean CFU (±standard error of the mean) per organ and are representative of 1 of 3 individual experiments for all groups. The significance of the differences between unvaccinated and immunized groups in the lung and spleen (*P < .001) and the differences between BCG immunized animals and other immunized groups (**P < .001) were determined by analysis of variance. colony-forming units (CFU) of BCG by subcutaneous injection, and after 24 weeks mice received CysDNC protein in monophosphoryl lipid A (MPL)-dimethyl dioctadecyl ammonium bromide (DDA; subcutaneously, 3 times at 2-week intervals). After 6 weeks, mice were challenged with aerosolized Mycobacterium tuberculosis. Control mice were unvaccinated (unvac) or were immunized with BCG and boosted with MPL-DDA adjuvant alone. Four weeks after challenge, the bacterial loads in the lung (A) and spleen (B ) were determined. These data are presented as the mean bacterial number ± standard error of the mean per organ for 6-10 mice per group. Data are representative of 2 independent experiments. The significance of the differences between unvaccinated mice and other groups (*P < .001) and between BCG/MPL-DDA-immunized animals and other groups (**P < .001) were determined by analysis of variance. Abbreviation: NS, not significant. of other members of the pathway, resulting in the coordinated induction of gene expression within the host. For instance, serine acetyl transferase of E. coli has been shown to associate and form a complex with the last enzyme in the pathway, O-acetylserine sulfhydrylase [32] . E. coli ATP sulfurylase additionally forms a tight complex with O-acetylserine sulfhydrylase [33] , and it is this complex that can activate sulfate to produce APS. It has been suggested that, given the similarities between E. coli and M. tuberculosis ATP sulfurylases, the mycobacterial system also forms a higher-order complex, linking catalytic functions with other enzymes in the SAP [29] . This has not been formally tested. However, it may be one reason why all of the enzymes of the SAP induce robust host immune responses in M. tuberculosis-infected mice and humans (Figure 2 and Figure 4B and 4C) . Furthermore, because ATP sulfurylase differs significantly from its human counterpart, it represents both a suitable vaccine and a drug target for application in humans [21] . Sulfur-metabolism genes display enhanced transcription after exposure to various antibiotics, and this may influence the response of M. tuberculosis to these compounds [30] . Because drug-responsive genes encode proteins that may be relevant to the drug's mode of action, sulfur-metabolizing enzymes have been proposed as potential drug targets [21] .
Enhanced recognition of mycobacterial antigens by the host immune response does not always correlate with protection against challenge with virulent M. tuberculosis in animal models [34] [35] [36] . We therefore assessed whether CysDNC was protective in our low-dose murine model of aerosol-induced M. tuberculosis infection. When delivered as DNA vaccines, CysD and CysNC were protective as single components in both the lung and spleen, and a combination of the 2 constructs achieved a level of protection similar to that induced by BCG (Figure 3) . Thus, the strong expression of genes encoding CysDNC correlates with the protective effect of the antigenic complex in the models used here. However, addition of DNA vaccines encoding other components of the SAP did not improve the protective effect of CysDNC, despite the fact that proteins were recognized by PBMCs from tuberculosis patients, were upregulated within macrophages, and induced strong IFN-γ responses from T cells of M. tuberculosis-infected mice (Figure 4) . It is unclear why CysDNC appears to be dominant member of the SAP in terms of protective efficacy, but this may relate to major histocompatibility complexrestricted T-cell responses in the mouse strain used in this study. It is also of interest to note that the SAP antigens are proposed to be intracellular or membrane-associated proteins, owing to their function in sulfur metabolism [22] , and we have confirmed this for some of the members, by immunoblotting (data not shown). At present, all M. tuberculosis antigens in clinical trials are secreted proteins, because these are predicted to be the early targets of host immunity [2] . This study suggests that nonsecreted proteins may also be suitable components of new tuberculosis vaccine formulations.
An important property of potential subunit vaccines is the capacity to "boost" protection with prior BCG immunization, because this is the proposed role for such vaccines in new tuberculosis vaccine schedules [2] . A small number of proteins have demonstrated an ability to boost BCG-induced protection in experimental M. tuberculosis infection [37] [38] [39] . CysDNC can now be added to this list, as the antigen complex was able to significantly increase the protective effect of BCG alone in the lung, the primary site of infection in humans and this model (Figure 6 ). Although protection was improved in the spleen, it did not reach statistical significance. This has also been observed in other studies, suggesting that boosting with certain subunit protein vaccines may have maximum effect at improving protection in the lungs [40] . It is possible that enhancing the expression of CysDNC within BCG may further improve the protective effect of this prime-boost protocol, and this is an approach we are actively pursing.
In summary, we have identified components of the SAP as host cell-induced proteins that are major antigenic components of M. tuberculosis. Because these proteins are recognized the immune response of M. tuberculosis-infected individuals, they warrant further assessment for potential incorporation into new-generation vaccines to control tuberculosis in human populations.
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